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Abstract
In the discussion of hadronization at or close to the freeze-out curve statistical (hadron resonance gas) models play an important
role. In particular, in the charmonium sector, regeneration models are considered which rely on the fact that charmonium states
can form again already at temperatures well above the QCD transition or hadronization temperature. An important ingredient in
these considerations is the regeneration or hadronization of open charm states. In this talk we report on a lattice QCD analysis of
correlations of open strange and charm with other conserved quantum numbers like the net baryon number and electric charge.
We analyze the temperature range in which an uncorrelated hadron resonance gas (HRG) provides an adequate description of such
correlations. This limits the range of validity of HRG based thermodynamics in open flavor channels and provides an estimate for
the melting temperature of heavy-light hadrons.
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1. Introduction
The strongly interacting matter described with Quantum Chromodynamics shows many interesting features like
deconfinement and chiral symmetry breaking. For QCD with light quark flavours in the fundamental representation,
the chiral symmetry restoration and deconfinement of the light quark degrees of freedom occur at the same temperature
which is known as the chiral crossover temperature Tc. It is interesting to understand whether the same phenomenon
occurs for the heavier strange and charm quarks. It is known that the bound states of charm quarks and its anti-
particle like J/ψ, ηc deconfine at temperatures about 1.5 Tc [1, 2] and serve as a probe of the presence of a quark
gluon plasma [3]. Recently it has been shown from first principles lattice study that the open strange hadrons melt
at Tc [4], confirmed through another independent analysis [5]. The charm quark mass is an order of magnitude
larger than the strange mass and it is important to understand when the open charm hadron states do melt. Apart
from being a problem of fundamental importance, it has phenomenological implications too. At LHC energies, it is
expected that the charmonium states would be regenerated at the freezeout temperatures [6]. In the statistical model
of hadronization inspired by the hadron resonance gas(HRG) model, the open charm hadrons would contribute to the
regeneration of the charmonium states through feed down corrections. For these studies it is important to know the
hadron content at the freezeout. In this talk we address two issues pertaining to the heavy light hadrons especially in
the charm sector. From first principles lattice study we estimate the melting temperature for the open charm mesons
and baryons independently of the hadron content. We then proceed to show that QCD thermodynamics at the chiral
crossover transition provides hints about the existence of many more charmed baryons which are yet to be detected in
the experiments.
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Figure 1. The ratios of the partial pressure of the open charm mesons(left panel) and baryons(right panel) are shown as function of temperature for
two different lattice sizes with Nτ = 6, 8. The yellow band represents the crossover region.
2. Melting of open charm hadrons
The total pressure of a thermal ensemble of a non-interacting gas of open charm mesons and baryons and reso-
nances at finite chemical potential µˆX = µX/T , X ≡ B,C is given as,
P(µˆC , µˆB) = PM cosh(µˆC) + PB,C=1 cosh(µˆB + µˆC) + PB,C=2 cosh(µˆB + 2µˆC) + PB,C=3 cosh(µˆB + 3µˆC) . (1)
Motivated from the analysis developed in Ref. [4], we can rewrite the partial pressures in the baryon and the meson sec-
tors in terms of susceptibilities at µˆX = 0. The derivatives of P(µˆC , µˆB) with respect to µX , χBCkl =
∂(k+l)[P(µˆB,µˆC )/T 4]
∂µˆkB∂µˆ
l
C
∣∣∣∣
~µ=0
,
yield different susceptibilities which denote the fluctuations of B,C and their correlations. In a non-interacting gas of
charmed hadrons, these quantities can be written as,
χCn (µˆ = 0) = PM + 1
nPB,C=1 + 2nPB,C=2 + 3nPB,C=3 , χBCkl (µˆ = 0) = 1
lPB,C=1 + 2lPB,C=2 + 3lPB,C=3 . (2)
Inverting these relations would give us the partial pressures in the meson and baryon sectors. We calculate correlations
between the conserved quantum numbers, net baryon number, charm and their fluctuations upto fourth order at µX = 0
on the lattice on 2 + 1 flavour Highly Improved Staggered Quark(HISQ) configurations with quenched charm quark.
The strange quark mass is set to its physical value and the light quark mass is chosen such that mpi = 160 MeV in
the continuum. The charm quark mass is fixed by setting the spin-averaged charmonium mass [7], 14 (mηc + 3mJ/ψ) to
its physical value. Two different lattices with spatial size Ns = 32, 24 and temporal extent Nτ = 8, 6 respectively are
used for this study. The crossover temperature is Tc = 154(9) MeV [8] in the continuum limit for physical quarks.
We analyzed susceptibilities in the temperature range 156-330 MeV. To control systematic errors, 6000 stochastic
sources were employed to compute the fluctuations in the charm sector and 1500 for the light sector. About 16000
configurations were considered at the lowest temperature and 1600-6000 configurations at high temperatures to control
the statistical errors. The computational details are outlined in [9].
The PM can be expressed as two equivalent combinations of the susceptibilities, PM = χC2 − χBC22 = χC4 − χBC13 . The
ratio of the two independent measures of PM would be unity in the hadron phase and deviation from unity would be
a signal of the melting of the open charm mesons. In the baryon sector, C = 2, 3 baryons are substantially heavier
than the C = 1 baryons and their contribution to the total pressure has been shown to be negligibly small compared
to PB,C=1 [9]. It follows that PB=1 ' χBCmn ,m, n > 0 and m + n = even. Ratios like χBC13 /χBC22 would be unity in a
phase of charmed baryons. The ratios in the charmed meson and baryon sectors are shown in Fig. 1. It is evident
that both the open charm mesons and baryons melt at the crossover. These ratios are independent of the details of
the hadron spectrum and have relatively small lattice cut-off effects evident from the Nτ independence of our results.
The behaviour of the light, strange and the charm baryons near the crossover are summarized in Fig. 2 through the
ratios of fluctuations which are chosen such that these are unity in the hadron phase. The lattice data in these sectors
supports that deconfinement of the open heavy hadrons occur at the crossover transition region evident from the rapid
departure of unity beyond ∼ 160 MeV.
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Figure 2. The ratios of susceptibilities which probe the charm(BC) baryon, strange baryon(BS) and dominantly the light baryons(BQ) all show a
departure from unity at the crossover region(shaded yellow).
3. Evidence of additional charm hadrons from QCD thermodynamics
Our analysis allows us to disentangle the partial pressures of the meson and baryon sectors with different quantum
numbers and understand the composition of these individual sectors at the crossover transition. Calculations in the
Quark Model(QM) [10, 11, 12] as well hadron spectrum studies on the lattice [13] predict many more open charm
baryons than experimentally detected and tabulated in the Particle Data Table [14], whereas the charmed meson sector
is in good agreement [15, 16]. For instance excitations which are 700 MeV above the ground state are known for
the D,Ds mesons. On the other hand, the presence of the additional baryon states and resonances would have an
impact on the pressure at the freezeout. In the left panel of Fig. 3 we look at a particular charmed baryon Λc. Only
three states above the ground state are measured in the experiments with well defined spin and parity and the ground
state spin is also not measured with certainty yet. There are many more bound states in different spin-parity channels
predicted from the QM. The lattice spectrum calculations yield very similar results. Many of the baryon states which
have masses 1 GeV or more than the ground state above the blue band in the figure may be unstable or would have
negligible contribution to the partial pressures. To have a systematic understanding of the relative contribution of these
states we compare with our lattice data, the pressure due to a hadron resonance gas(HRG) with all predicted states in
the Quark Model (QM-HRG) [12] denoted by brown lines, a QM-HRG-3 consisting of Quark Model states below 3
GeV mass and a PDG-HRG [14] consisting of all the experimentally known states. We consider the partial pressure of
charmed baryons with C = 1 normalized by the partial pressure of the corresponding meson sector introduced in the
earlier section, since ratios are not affected by lattice cut-off effects. Using appropriate susceptibilities, we also study
the partial pressures in sectors with specific quantum numbers. In the charged sector, charmed baryon and meson
partial pressures are given as PB ' χBQC112 and PM ' χQC13 − χBQC112 whereas for the charmed baryons with strangeness
PB ' χBSC112 and PM ' χSC13 − χBSC112 . The results are shown in the right panel of Fig. 3. In all these sectors we find a
significant contribution of the additional baryon states over PDG-HRG at the crossover transition and our lattice data
provides support in favour of the existence of these additional states.
4. Conclusions
We addressed the issue about the melting of hadron states consisting of light and strange quarks or the charm
quarks. From our analysis of the correlations between the net baryon number and charm and their fluctuations on the
lattice, we are able to disentangle the partial pressures of the meson and baryon sectors with different charm content.
The open charm mesons and baryons are shown to melt at the chiral crossover transition irrespective of the details
of the hadron spectrum and lattice cut-off effects. We are for the first time able to extract the partial pressures of
charmed baryon channel and even study the charmed baryons with different charge and strangeness content in QCD.
This gives us a tool to understand the details of the charmed hadron spectrum in the crossover transition region. Quark
Model as well as hadron spectrum studies on the lattice have reported the presence of many more charmed baryon
states than those which have been measured in the experiments. These states would contribute to the thermodynamic
quantities near the freezeout. Our data provides hints in support of the existence of these additional baryon states.
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Figure 3. The spectrum of charm Lambda baryons from the Quark Model calculations in the left panel has many more states that are not yet
detected in the experiments. The brown band represents open charm hadrons with masses less than 3 GeV and the blue band represents all such
known states. In the right panel, our lattice QCD data of the ratio of partial pressures of the open charm mesons and baryons supports the existence
of the additional charm baryon states in different channels which are predicted from the Quark Model and hadron spectrum studies on the lattice.
These additional baryons would contribute to the hadronization of the quark gluon plasma believed to be formed in
the heavy ion collision experiments and influence the abundances of hadrons through feed down corrections. Heavy-
light hadrons also play a role in the dissociation of charmonium states and these additional states should be taken into
account in all such considerations. A similar analysis has been recently performed for the strange sector as well [17]
which also leads to evidence for the presence of additional strange baryons and important consequences like a lower
strangeness freezeout temperature.
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